Site amplifications in the lowlands most affected by the 2007 Noto Hanto earthquake, Monzen, Anamizu, and Wajima, are examined using aftershock records observed at eight temporary seismic stations installed just after the mainshock and at two K-NET stations. The predominant frequencies of spectral ratios at alluvium sites in Anamizu and Wajima are approximately 1 Hz. Site amplifications at the alluvium sites are successfully reproduced from 1-D response analysis, except for that at ISK005 where 2-D or higher amplification effects are inferred to play a significant role. A source model composed of two asperities reproduces the ground motions of the mainshock using the empirical Green's function method. The seismic moments of the asperities are 3.76×10
Introduction
The Noto Hanto earthquake occurred on 25 March 2007 on the northwestern coast of Noto Peninsula in Ishikawa prefecture, central Japan. This was a shallow, moderatesized earthquake (M j 6.9) whose fault plane extended in the NE-SW direction across the coast line and dipped towards the southeast. Seismic intensities of 6+ on the JMA (Japan Meteorological Agency) scale-the second-largest classwere produced in the alluvium plains within 30 km from the epicenter, Monzen, Anamizu, and Wajima. Many wooden houses in these areas were damaged, but severe destruction, such as total collapse, was limited to small sub-regions in apparent response to local site effects.
Waveforms of strong ground motion during the mainshock were recorded at seismographs in the intensely shaken areas in the Anamizu and Wajima lowlands. At one of the K-NET (strong-motion seismograph network) stations, ISK005, operated by the National Research Institute for Earth Science and Disaster Prevention in the vicinity of a severely damaged subregion of Amamizu, a peak ground velocity (PGV) of about 100 cm/s was observed. At two stations within 1.5 km of each other in Wajima, ISK003, and JMA Wajima (an alluvium site), a clear contrast was recorded in shaking intensity. PGV at JMA Wajima, in the middle of a severely damaged subregion, was 100 cm/s, more than twice as large as that at ISK003 (44 cm/s) and likely due to a nonlinear soil response.
This paper summarizes some results of our research into ground motions in the damaged areas. We focus mainly on aftershock observations in the Anamizu, Wajima, and Copyright c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB.
Monzen lowlands in order to evaluate site amplifications and on source modeling in order to estimate ground motions in the lowlands during the 2007 mainshock.
Aftershock Observations
Aftershock observations were conducted in some of the most intensely shaken lowlands. Eight temporary observation stations had been installed in and around the lowlands by the morning of 27 March 2007, 2 days after the mainshock. Two of these temporary stations were in Anamizu, three were in Wajima, and the remaining three were in Monzen. Each station was equipped with a threecomponent accelerometer, a 24-bit digital recorder with GPS time calibration, and a battery. These instruments recorded ground motions continuously for 3 weeks. The locations of our temporary stations and the permanent K-NET stations are shown in Fig. 1 and listed in Table 1 . In Anamizu, stations AYK, APO, and ISK005 define a linear array with instrument spacing of approximately 400 m. Station AYK is a rock site on the ridge bounding the eastern Anamizu lowland; APO is an alluvium site between AYK and ISK005; ISK005 is an alluvium site in the vicinity of a severely damaged subregion. In Wajima, stations WFG, WKW, WSB, and ISK003 form a 1.5-km-long linear array with instrument spacings of 200-600 m spanning the lowland. WFG is a rock site with thin alluvium deposits on the western ridge bounding the lowland; ISK003 is also a rock site on the eastern bounding ridge; WKW and WSB are alluvium sites. In Monzen, all three stations are sited on alluvium sites in severely damaged subregions. MHS and MJD are within 200 m of the city office where a shaking intensity of 6+ was observed. MTG is in the west of the lowland where the total building collapse rate was the highest of the affected areas. 
Analysis of Aftershock Records
A large number of aftershocks were successfully recorded. In Fig. 2 , we show examples of observed ground accelerations at our temporary stations and the nearby K-NET stations, ISK003 and ISK005, during the events at 10:51 (JST) on 28 March 2007 and 15:18 (JST) on 6 April 2007. The waveforms have been bandpass-filtered to between 0.05 and 24 Hz. The horizontal peak values of ground acceleration at the alluvium sites span similar ranges to those at the rock sites. However, the waveforms at the alluvium sites are distinguishable by their pronounced lowfrequency components, which indicate site amplification.
The spectral amplitude ratios of the alluvium sites APO, ISK005, WSB, and WKW with respect to the rock sites in the frequency range 0.2-10 Hz are illustrated in Fig. 3 Theoretical spectral ratios calculated from 1-D velocity structures (Fig. 4 ) are illustrated as solid curves in Fig. 3 . The 1-D structure for ISK005 is inferred from P-S logging data at the site. Structures for the other stations are modeled manually based on logging parameters from nearby bore- holes, such as N -values of the SPT (standard penetration test) and lithology (Sato, 1994) , in order to fit the frequencies of peaks and troughs in the theoretical spectral ratios to the observations. The S-wave velocities of the reference layers are assumed to be 600 m/s and 500 m/s at AYK and ISK003, respectively. The attenuation factor for each layer is given as a function of S-wave velocity depending on the type of soil after Kobayashi et al. (1999) and Kyuke et al. (1999) . The depths to the basement of the 1-D structures in Wajima are consistent with those estimated by Sato (1994) . The frequencies and amplitudes of the theoretical spectral peaks agree well with the observed ones at frequencies of up to approximately 5 Hz. We have confirmed that with these 1-D structures the ground motions during aftershocks at the alluvium sites, except at ISK005, are well reproduced from the ground motions at the reference sites using a 1-D response analysis. The amplitude ratios at ISK005 are several times greater than those at APO, though the frequencies of the spectral peaks are similar, indicating similar velocity structures in the linear 1-D regime. The observed waveforms at ISK005 are characterized by a large S-wave component and later phases several times larger than those seen at APO (see Fig. 2 ). Large amplification of the S-wavetrain can be accounted for if the acoustic impedance at the rocksediments boundary is made larger. However, the later phases cannot be reproduced by a 1-D analysis. Moreover, the amplification of the EW component of ISK005 is about twice that of the NS component (see Fig. 3 ). We conclude, therefore, that ISK005 is one location where 2-D or higherdimensional amplification effects predominate.
Source Modeling of the Mainshock Using the Empirical Green's Function Method

Data and method
We have determined a mainshock source model that yields broadband ground motions consistent with observations using a forward modeling approach incorporating the empirical Green's function method (Irikura, 1986; Kamae and Irikura, 1998) . We seek a source model composed of two asperities, as two distinct pulses can be recognized in some of the observed waveforms. Two aftershocks, referred to hereafter as aftershock-1 and aftershock-2, are selected as sources for the empirical Green's functions (EGFs). Both have focal mechanisms similar to that of the mainshock, and their waveforms are recorded at our temporary stations as well as at K-NET stations within 100 km of the epicenter. The locations of the K-NET stations that recorded both 0.64 σ (MPa)*** 3.89 *JMA, **F-net, *** Brune (1970 Brune ( , 1971 aftershocks are shown in Fig. 5 together with the epicenters and the focal mechanisms of the mainshock and the EGF aftershocks. The locations of the assumed fault plane and the computed asperities are also shown. The fault plane's location is based on fault models proposed from coastal deformation (Awata et al., 2008) , GPS and InSAR (Geographical Survey Institute, 2007) , and strong motion inversion (Horikawa, 2008) . Tables 2 and 3 list the source parameters of the mainshock and aftershocks, respectively. The source parameters of the aftershocks, rupture area, and stress drop are estimated from displacement source spectra computed from acceleration data recorded at KiK-net borehole stations ISKH02, ISKH03, ISKH04, and GIFH10 (Brune, 1970 (Brune, , 1971 Madariaga, 1976) .
Source model and synthetics
The source model obtained from the forward modeling is shown in Fig. 6 and annotated with the source parameters of each asperity. Rupture starts at the nucleation point and propagates radially at a velocity of 2.8 km/s. An S-wave velocity of 3.5 km/s is assumed along the wave propagation path. Aftershock records bandpass-filtered to between 0.2 and 10 Hz are used as EGFs. The waveforms from aftershock-1 and aftershock-2 are used for synthesizing waveforms from the eastern asperity (Asp1) and the western asperity (Asp2), respectively. Asp1 accounts for the overall features of waveforms recorded in the north and the southwest of the Noto Peninsula, but Asp2 is required to reproduce the sharp velocity pulses seen in the waveforms from ISK005 and ISK007. The seismic moments released from the asperities are estimated to be 3.76 × 10 18 N m (Brune, 1970 (Brune, , 1971 , rise time, scaling parameters (NL, NW, ND), and stress parameter are listed.
for Asp1 and 2.21 × 10 18 N m for Asp2, the sum of which amounts to about 44% of the whole event.
Comparisons of the synthetic and observed waveforms at six stations are presented in Fig. 8 and pseudo-velocity response spectra (PVRS) for the waveforms at all the stations in Fig. 5 are shown in Fig. 7 . The velocity and displacement synthetic waveforms and their peak values show good agreement with the observed ones for all the stations and components-with the exception of the NS component at ISK006. The PGVs of the synthetic waveforms are 70-150% of those observed. The envelopes of the synthetic acceleration waveforms are also consistent with the observations for all stations-except for ISK006 and ISK005. The poor fit of the displacement waveforms at ISK006, especially for the NS component, is attributable to a difference in the radiation coefficient between aftershock-1 and the mainshock produced by the large azimuth discrepancy. The PVRS values of the synthetics agree well with those of the observations over a broad period range. However, at the shorter-period end of the PVRS spectrum (0.1-0.2 s), the horizontal components at stations ISK005 and ISK007, both of which are alluvium sites, are overestimated by several fold, whereas the vertical components are reasonably well matched. This indicates some degree of nonlinear soil behavior at those stations.
We have also estimated strong ground motions during the mainshock at our temporary stations. Synthetic ground velocities from the source model are shown in Fig. 9 . The waveforms at every alluvium site show significant pulselike waves followed by monotonic later phases, and the PGVs are two-or three-fold larger than those at nearby rock sites. The calculated PGVs for the alluvium sites are 70-110 cm/s in Monzen, 60-110 cm/s in Anamizu, and 40-50 cm/s in Wajima. Since the synthetic PGV at ISK003 in Wajima is 70% of the observed PGV, we simply correct PGVs at the alluvium sites in Wajima to 60-70 cm/s.
Conclusion
Linear array observations of aftershocks following the Noto Hanto earthquake in three of the most affected low- 
